The centromere is the DNA region of the eukaryotic chromosome that determines kinetochore formation and sister chromatid cohesion. Centromeres interact with spindle microtubules to ensure the segregation of chromatids during mitosis and of homologous chromosomes in meiosis. The origin of centromeres, therefore, is inseparable from the evolution of cytoskeletal components that distribute chromosomes to offspring cells. Although the origin of the nucleus has been debated, no explanation for the evolutionary appearance of centromeres is available. We propose an evolutionary scenario: The centromeres originated from telomeres. The breakage of the ancestral circular genophore activated the transposition of retroelements at DNA ends that allowed the formation of telomeres by a recombination-dependent replication mechanism. Afterward, the modification of the tubulin-based cytoskeleton that allowed specific subtelomeric repeats to be recognized as new cargo gave rise to the first centromere. This switch from actin-based genophore partition to a tubulin-based mechanism generated a transition period during which both types of cytoskeleton contributed to fidelity of chromosome segregation. During the transition, pseudodicentric chromosomes increased the tendency toward chromosomal breakage and instability. This instability generated multiple telocentric chromosomes that eventually evolved into metacentric or holocentric chromosomes. C entromeres are typically composed of rapidly evolving satellite DNA sequences; therefore, centromeric DNA is not broadly conserved throughout evolution. However, in agreement with the conserved centromeric function, many centromere/kinetochore proteins are highly conserved. This apparent paradox can be explained by the coevolution of kinetochore proteins and centromeric DNA sequences as is apparent with the centromere-specific histone H3 variant CENP-A in Drosophila and Arabidopsis (1, 2). The periodic homogenization/ amplification undergone by any tandemly repeated DNA sequence via unequal crossing over (3, 4) provides a mechanism for new sequences to be amplified that are specific for novel kinetochore protein variants. Such a progressive substitution of tandemly repeated DNA sequences would explain the lack of discernible homology between centromeric sequences in different organisms. Nevertheless, it is also possible that a detailed study of centromeric sequences could lead to the identification of a common sequence-independent structural recognition determinant within centromeric DNA. Although such a conserved structural motif might direct the formation of centromeric chromatin on its own, the episodic occurrence of centromere activity associated with noncentromeric sequences, neocentromeres (5, 6), and the frequent inactivation/activation of centromeric structures (7-10) indicate that centromere specification involves an epigenetic mechanism that recognizes some characteristic of centromeric DNA (11).
C
entromeres are typically composed of rapidly evolving satellite DNA sequences; therefore, centromeric DNA is not broadly conserved throughout evolution. However, in agreement with the conserved centromeric function, many centromere/kinetochore proteins are highly conserved. This apparent paradox can be explained by the coevolution of kinetochore proteins and centromeric DNA sequences as is apparent with the centromere-specific histone H3 variant CENP-A in Drosophila and Arabidopsis (1, 2) . The periodic homogenization/ amplification undergone by any tandemly repeated DNA sequence via unequal crossing over (3, 4) provides a mechanism for new sequences to be amplified that are specific for novel kinetochore protein variants. Such a progressive substitution of tandemly repeated DNA sequences would explain the lack of discernible homology between centromeric sequences in different organisms. Nevertheless, it is also possible that a detailed study of centromeric sequences could lead to the identification of a common sequence-independent structural recognition determinant within centromeric DNA. Although such a conserved structural motif might direct the formation of centromeric chromatin on its own, the episodic occurrence of centromere activity associated with noncentromeric sequences, neocentromeres (5, 6) , and the frequent inactivation/activation of centromeric structures (7) (8) (9) (10) indicate that centromere specification involves an epigenetic mechanism that recognizes some characteristic of centromeric DNA (11) .
The comparative analysis of the centromeres from Drosophila melanogaster, vertebrates, and plants (12) (13) (14) shows a common genome organization: islands of transposons embedded in large regions of simple and/or complex sequence repeats. The subtelomeric regions of all eukaryotic chromosomes consist of mosaics of repeats and retrotransposons structured in a remarkably similar way (15) .
The centromeric DNA, RNA, and protein components have been analyzed in recent years. Although the overall organization of centromeres in several eukaryotic species has been described, our understanding of centromere function remains elusive. Understanding the evolutionary origin of the centromere may well elucidate aspects of its function. The conspicuous similarities of the kinetochore proteins among eukaryotes led TylerSmith and Floridia (16) to propose a single evolutionary origin of the centromere in an early eukaryotic ancestor. Recently, a systematic phylogenetic analysis of kinetochore proteins has shown that both simple centromeres (Saccharomyces cerevisiae; 125 bp) and complex centromeres (fungi, plants, and animals; up to several megabases) seem to derive from a common ancestor that had complex centromeres containing repetitive DNA (17) . Surprisingly, nothing else has been proposed concerning the origin of the centromere. In this article, we will first review ideas about the genome organization and the cytoskeleton of the protoeukaryote and then propose a centromeres-fromtelomeres hypothesis for the origin of centromeres.
Genome Organization and Cytoskeleton of the Protoeukaryote
The consensus theory for the evolution of eukaryotes proposes that a symbiosis of bacterial and archaeal cells gave birth to a protoeukaryote containing a bacterial endosymbiont (18) (19) (20) . Afterward, repeated transfer of genes from the bacterial endosymbiont to the chromosome of the protoeukaryotic cell took place. Recently, comprehensive analyses involving large numbers of genomes have confirmed that the nucleus of the eukaryotic cell contains genes derived from a fusion of archaeal and bacterial genomes (21, 22) . During the transition of a presumed ancestral circular genophore to the multiple linear chromosomes found in modern eukaryotes, the structure of the protoeukaryotic genome had to undergo radical changes including linearization, fragmentation, and an increase in genome complexity. The size of prokaryotic genomes is maintained by the rate of gene gain (gene duplication and horizontal gene transfer) being balanced by gene loss (23) , and the average genome size is fairly constant. Prokaryotes readily generate tandem DNA repeats, but rapidly delete them again by the same mechanism (24) . In sharp contrast, the size of eukaryotic genomes varies by several orders of magnitude. The changes in genome complexity are principally due to a massive proliferation of retrotransposons, tandem repeats, and polyploidization. An additional increase in complexity and size results from spliceosomal introns. It is believed that type II introns began as retroelements that invaded the nuclear genome of the protoeukaryote, from the eubacterial endosymbiont, and subsequently evolved into spliceosomal introns (25, 26) . The presence of numerous spliceosomal introns in the same positions in orthologous genes from distant eukaryotes strongly suggests that the first introns arose at the earliest stages of eukaryotic evolution (27) (28) (29) . A massive mobilization of type II introns might have been activated as a genomic response to the Archaea-Bacteria symbiosis. Such a catastrophic intron invasion might have led to a large reduction in population size, leaving a permissive environment for the fixation of a new genomic organization (30) .
Martin and Koonin (31) have recently hypothesized that the nuclear membrane evolved to separate unspliced transcripts from ribosomes; nevertheless, a protoeukaryotic cell could not have evolved a nucleus without concurrently evolving a new machinery of chromosome segregation: the microtubule-based mitotic spindle (32) . Long-distance microtubule-based transport would have evolved through a series of progressive changes to become the principal transport mechanism for chromosome segregation. It is probable that microtubules were selected in the protoeukaryotic cell because the microtubule lattice provided a much larger contact surface for the initial centromere/ kinetochore capture. The discovery of the bacterial ancestors of tubulin and actin, FtsZ and MreB, has revealed the prokaryotic origin of the cytoskeleton (33) . Recent studies have shown that, whereas eukaryotes use microtubules for chromosome segregation, prokaryotes seem to use helical filaments made of actin-like proteins for the same purpose (34, 35) . However, in eukaryotes, it is becoming apparent that there is cooperation between the actin-and tubulin-based cytoskeletons at several cell division stages. For instance, the spindle microtubules are required to promote the reorganization of actin filaments into the cleavage furrow during cytokinesis (36) , and actin filaments are required to deliver chromosomes to the microtubule spindle during chromosome congression (37, 38) .
The accurate partitioning/segregation of genophores and lowcopy number plasmids into the daughter cells is often achieved via the action of a pair of partitioning proteins on a palindromic binding site, the parS sequence. Plasmids have only one parS site, but bacterial chromosomes have several parS sequences scattered around the origin of replication (oriC). The parS sequence is a 16-bp palindrome that is bound by a member of the ParB family of partitioning proteins, the Spo0J. Both the parS sequence and the Spo0J protein are conserved in a wide range of bacterial species (39) , but the number and distribution of parS sequences vary between species. In Bacillus subtilis, Spo0J binds to eight parS sites scattered within an 850-kb region around the oriC (39); whereas Caulobacter crescentus carries six parS sequences near the oriC (40) . Streptomyces coelicolor carries a linear chromosome with 21 parS sites within a 400-kb oriC proximal region (41) . In addition, during sporulation in B. subtilis, the RacA protein (for remodeling and anchoring of the chromosome) binds preferentially to a 14-bp GC-rich palindromic sequence and these 25 palindromic sites detected in the chromosome spread, asymmetrically, 612 kb across the oriC (42) . Therefore, to ensure proper chromosome segregation during sporulation, the newly replicated copies of the oriC region bind ParB and RacA proteins and rapidly move apart toward opposite poles of the cell. In this sense, the proximal region of the prokaryotic origin of replication (partitioning locus) has been considered as the counterpart of the centromere. However, in eukaryotes, the centromere is often composed of highly repetitive sequences: this represents a major evolutionary innovation, which could not be maintained in prokaryotes, which rapidly eliminate tandem repeat sequences (24) . The repetitive nature of centromeres might have been selected because it allowed a rapid karyotype evolution (43) .
A Hypothesis for the Origin of the Centromere
To explain the origin of the centromere, we propose the following parsimonious scenario: to initiate the generation of the first linear chromosome, the breakage of the ancestral circular genophore (Fig. 1a) activated the mobilization of retroelements as a cellular response to the resulting stress (44) . The capture of those retrotransposons at the broken DNA ends (45, 46) would eventually heal the exposed ends (47) (Fig. 1b) . Later, the retroelement that was most effective for telomere-specific transposition was selected (Fig. 1c) . A model for this scenario occurs now in D. melanogaster where three non-LTR retrotransposons, HeT-A, TART, and TAHRE (48-51), maintain telomeres by occasional transposition to the chromosome ends. Moreover, these telomere-specific retrotransposons derived from an ancestral element that was recruited to replace the simple telomerasegenerated G-rich repeats (52) .
Some modern bacteria also have linear genomes, and we note that Bao and Cohen (53) have found a reverse transcriptase activity in a Streptomyces telomere-bound topoisomerase. Therefore, the mechanisms that stabilize chromosomes in eukaryotes and linear genophores in some prokaryotes seem to have significant similarities because both use reverse transcriptases.
De Lange (54) has recently hypothesized that telomere function was originally mediated by telomeric loop formation by using terminal repeats. The telomeric loop is proposed to be formed by the insertion of the 3Ј overhang into the doublestranded region of telomeric repeats. Therefore, the occurrence of transposon-derived arrays at the DNA ends (Fig. 1c) could allow the formation of telomeric loops. This telomeric configuration would resolve the end-replication problem and would provide the sequestration of the end. In this scenario, a recombination-dependent replication mechanism would allow telomere maintenance.
On the other hand, the conservation of G-rich telomeric sequences in the majority of eukaryotes suggests that telomere capping depends on the inherent ability of G-tracts to form G-quadruplex DNA structures in vitro (55) and in vivo (56) . Although the unexpected complexity of the Drosophila telomeric sequences seems to challenge the requirement for the conventional telomerase-synthesized repeats with G-tracts, Drosophila's telomeric retrotransposon arrays have the same strong strand bias: the strand running 5Ј-3Ј toward the end of the chromosome is GϩT rich (57) . Moreover, the 3Ј noncoding region of the abundant HeT-A element contains sequences with the propensity to form G-quadruplex DNA structures (58) . Therefore, the mechanism which generated this telomeric GϩT strand-biased retrotransposon repeat in the Drosophila lineage might have also acted earlier in eukaryotic evolution (Fig. 1d) . This mechanism would have been selected because the resulting strand bias allows the formation of G-quadruplexes, which improve the previous capping by telomeric loops.
The concomitant recombination-based mechanisms during telomere maintenance led inevitably to the rapid divergence of the internal repeats, giving rise to subtelomeric regions ( Fig. 1  c-e) . In this evolutionary scenario, we propose that, subsequent to the amplification of specific subtelomeric repeats containing G/C tracts (Fig. 1f ) , these regions became the first centromeres after their recognition as new cargo by the tubulin-based cytoskeleton (Fig. 1g) . To envision how microtubules could interact with the first centromeric region, it should be borne in mind that the transcription of centromeric repeats recruits the RNAi machinery to centromeres (59-61); therefore, the interaction between microtubules and the protocentromere could occur through ribonucleoprotein complexes. Several recent findings in Drosophila are in agreement with this suggestion: (i) Argonaute-2 and dFMR1, two components of the RNAi machinery, are required for the assembly of functional centromeres (62, 63) ; (ii) the FMR1, an RNA binding protein that recognizes Gquadruplex RNA structures (64), appears as a component of both the ribonucleoprotein granules transported along microtubules by dynein and kinesin-1 (65) and the RNAi apparatus (66, 67) ; and (iii) the transcription and retrotransposition of specific telomere repeats are also under control of the RNAi machinery TEL   TEL   TEL  CEN  TEL   TEL  TEL   CEN   TEL  CEN  TEL   TEL  CEN  CEN  TEL   TEL  TEL   TEL  PAR  TEL   TEL  PAR  TEL   TEL  TEL   CEN   CEN   TEL  TEL  TEL  TEL germline (68, 69) . The RNAi machinery seems to have had a role in centromere function since the beginning of eukaryotic chromosomes because it was responsible for two key processes: the recognition and sequestration of repetitive sequences through repressive chromatin structures (70) and the preferential recruitment of cohesin between sister centromeres (71, 72) . In addition, it has been recently shown that ribonucleoprotein complexes are required for mitotic spindle assembly (73) .
Origin of CENTROMERE
In an evolving linear chromosome, the rapid turnover of subtelomeric regions could have provided the variability that led to the innovation of a centromere, whereas the partitioning locus (PAR) continued to provide the required segregation function. Once the microtubule-based machinery started to recognize the progenitor centromeric repeats as a novel cargo, the coexistence of a functional centromere with the PAR would have generated pseudodicentrics chromosomes. By analogy to the breakagefusion cycle of dicentric chromosomes in Zea mays (74), we would expect this chromosomal structure to be unstable and give an increased rate of breakage. A breakage event in which the broken ends became healed by retrotransposition of telomerespecific elements could have generated the first eukaryotic chromosome; whereas the remaining fragment would retain its PAR site (Fig. 1h) . The process can be repeated when amplification of the subtelomeric region in the PAR-carrying fragment would occur again (Fig. 1i Right) , giving rise to the formation of another centromere recognized by the spindle microtubules (Fig.  1j Right). The studies of Novitski (75) and Hays and Salmon (76) show that the outcome of segregation of eukaryotic chromosomes carrying partially duplicated centromeric regions depend on the relative ''strengths'' of the centromeric regions. If the strength of the new centromeric region in an ancestral eukaryotic pseudodicentric chromosome were greater than the strength of the PAR site, breakage would not occur and the opposing homologous would be pulled toward the spindle pole by the interaction between the centromere and the spindle microtubules (Fig. 1k Right) . A pseudodicentric with a centromere and a PAR site of similar strengths would give an increase in chromosomal breakage during segregation. We cannot know now the order of these evolutionary events, but in a chromosome with a functional centromere, the partitioning locus tends to be lost by sequence decay. Subsequently, the appearance of another centromeric structure at the other end of a telocentric chromosome could generate a dicentric eukaryotic chromosome ( Fig. 1 l and m Right) that would eventually break (Fig. 1n Right) . The resulting burst of chromosomal breakages might well explain the fragmentation of the early eukaryotic genomes. This early fragmentation of the genome was a major innovation for the cell because it helped to establish highly ordered arrangements of chromatin throughout interphase. Additionally, the frequent nonhomologous recombination of subtelomeric regions (77, 78) produces interchromosomal segmental duplications at the ends of the chromosomes (79) . The resultant evolutionary plasticity of these regions has provided an important source of gene invention during the evolution of eukaryotes (80, 81) .
After the first steps of this evolutionary process, telomerase evolved from a non-LTR retrotransposon reverse transcriptase (82) that had already acquired introns. The relatively late appearance of telomerase to accomplish the maintenance of the telomeres was nevertheless crucial for the stabilization of chromosome fragmentation (Fig. 1o) . Thus, both the origin of the centromere and the origin telomerases (83) appear to correlate with or predate the origin of eukaryotes as linear chromosomes with short GT-rich telomeric repeats are found in the oldest known eukaryotes.
The centromeres-from-telomeres hypothesis is based on considerable cellular, molecular, and structural work on centromeres and telomeres from several groups. The genomic and cytological analyses of the Y centromere of D. melanogaster have shown that a HeT-A/TART-related array, typically found at telomeric ends, is now found at this centromere (10, 84, 85) . Recently, the sequence of a clone from this centromeric region has confirmed its telomeric origin (M.M.-L., unpublished work). Furthermore, Berloco et al. (86) have also shown the presence of HeT-A-related sequences in the centromeric region of the Y chromosome of all of the Drosophila species analyzed independent of the centromere position. These results support our proposition that telomere-derived sequences may be involved in centromeric functions (84) , and suggest that telomeres and centromeres might have common structural motifs. In fact, it has been shown that telomeric-like sequences are present in centromeric heterochromatin in many vertebrate species (87) (88) (89) , Arabidopsis thaliana (90), maize (91) , and potato (92) . Many centromeric satellites from ruminants, birds, plants, flies, and humans share with the telomeric repeats a clear G/C strand asymmetry and may have arisen independently by similar pathways of divergence from the widespread telomeric sequence. In particular, the structural analysis has shown that the centromeric human 5-bp satellite 3, the CENP-B box of the human ␣ satellite, and the D. melanogaster centromeric dodeca satellite form fold-back structures (93-96), a feature previously reported for telomeric sequences. Thus, these studies are compatible with the existence of a common telomeric-like secondary structure in centromeric DNA (97) . However, the recent detection of transcripts derived from centromeric tandem repeats would allow the existence of a conserved structural determinant made of RNA. If such a key structural determinant exists, it should also be possible to identify it in neocentromeres. Choo and collaborators (98) have found a significant enrichment of L1 retroelements within a functional human neocentromere and have suggested that these elements may adopt a structural configuration that is more suitable for centromeric chromatin formation. Impor- tantly, Howell and Usdin (99) had shown that the 3Ј end of L1 retrotransposons contain a G-rich polypurine tract of variable length and sequence that can form intrastrand quadruplexes. This ability is an evolutionarily conserved characteristic of L1 retrotransposons.
Also noteworthy is that in Shizosaccharomyces pombe, the conserved meiotic telomere clustering to the spindle pole body (the yeast counterpart of the centrosome) during the bouquet stage is likely mediated by cytoplasmic microtubules (100), and the movements for centromere reclustering to the spindle pole body seem to be also controlled by the cytoplasmic microtubular system (101) . Additionally, one of the two proteins that connect telomeres to the spindle pole body, Bqt1, shares weak sequence similarity with the centromere protein Dam1, which plays a role in mitotic spindle attachment (100, 102) . Interestingly, in fission yeast circular chromosomes that lack telomeric repeats, the telomere-spindle pole body clustering is maintained through the subtelomeric repeat region (103) and this region contains sequences homologous to the S. pombe dh centromere repeats (104) .
Most centromere studies have been performed on monocentric chromosomes; however, a large number of eukaryotes have holocentric chromosomes that are characterized by the presence of a diffuse or nonlocalized centromere during mitosis (105) . Cytological observations have shown that the ends of holocentric chromosomes attach, randomly, to microtubules to ensure chromosome segregation during meiosis (106) (107) (108) . Thus, holocentric chromosomes behave as monocentric (telocentric) during the first and second meiotic anaphase. In the nematode Parascaris univalens, the meiotic sites with centromeric activity are terminal heterochromatic blocks (109) that originated by segmental amplification of two simple repeats that are themselves derived from telomerase-generated repeats (110) . Recently, in Caenorhabditis elegans, Monen et al. (111) have found that CENP-A, an essential histone required for centromeric chromatin assembly during mitosis, is dispensable for chromosome segregation during meiosis. It is possible that the particular behavior of C. elegans holocentric chromosomes during meiosis could be due to the presence of common structural motifs in telomeres and centromeres.
There is controversy about the evolutionary relationship between holocentric and monocentric chromosomes (112, 113) . However, a continuous spreading of end sequences throughout the chromosome could explain a monocentric to holocentric transition during evolution. In agreement with this, the holocentric chromosomes of C. elegans have many tandem repeats (including the telomeric repeat TTAGGC) at multiple internal sites, although they are more abundant at the ends (114, 115) .
Finally, a recent cytogenetic analysis has shown that the maize knob satellite, first described as neocentromeres by Rhoades (116) , is a subtelomeric element (117) .
Any theory regarding the origin of the centromere can be supported only by indirect evidence. As it has been previously described, one basic kind of structural organization appears to underlie the telomeric and centromeric heterochromatin and telomeres behave like centromeres under certain circumstances. According to these facts, it would not be obvious to determine which came first: centromeres or telomeres. However, the alternative scenario where telomeres derived from centromeres was discarded based on the fact that only linear chromosomes have allowed the evolution of complex centromeres containing repetitive sequences. The apparent necessity of linear chromosomes implied that telomeres had to preexist, to establish the ends of these linear chromosomes. Therefore, the origin of telomeres has to have preceded the origin of centromeres. In accordance with this directionality, it is important to highlight that the recurrent appearance of unstable dicentric chromosomes, through the formation of new centromeres (from telomeres), triggered the fragmentation of the genomes, giving rise to karyotypes with multiple chromosomes, as we know them nowadays. Thus, the hypothesis presented on the origin of centromeres not only explains that centromeres derived from telomeres during the evolution of the eukaryotic chromosome but also provides an evolutionary mechanism for the fragmentation of the eukaryotic genomes.
In support of our model, it would be particularly valuable to document the presence of retrotransposons, with GϩT strand asymmetry, at the chromosome ends of a number of species that have lost telomerase. To gain new insights into the involvement of common structural determinants in the function of centromeres and telomeres, it would be necessary to investigate the structural behavior of DNA and RNA oligonucleotides from telomeric-like centromeric repeats and the interaction of centromere-associated proteins with the resulting DNA, RNA, or DNA-RNA secondary structures.
